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We present a detailed study of the scattering properties of ultracold mixtures of bosonic potassium
atoms. We locate 20 previously unobserved Feshbach resonances in isotopic 39K–41K mixtures.
These are assigned to s-wave molecular channels by comparison to an asymptotic bound state model
and coupled channels calculations. Additional Feshbach resonances are studied in spin mixtures of
a single potassium isotope, both in 39K and 41K. In particular, we characterize the parameters of a
selected 39K Feshbach resonance by radio-frequency association of Feshbach molecules. Our results
could be exploited to refine the model potentials for potassium scattering. Furthermore, these new
Feshbach resonances enlarge the range of experiments possible with degenerate Bose-Bose mixtures.
I. INTRODUCTION
Magnetic Feshbach resonances provide a powerful tool
for controlling the interatomic interactions in ultracold
atomic systems [1]. Over the last 20 years, they have en-
abled the study of a wealth of few- and many-body phe-
nomena. Key examples include the magneto-association
of ultracold Feshbach molecules [2], the observation of
Efimov bound states [3] and the study of strongly-
interacting systems, a prime example of which are uni-
tary limited gases [4, 5].
Interacting quantum mixtures, obtained either by cool-
ing and trapping different species or by combining differ-
ent internal states of the same atom, give access to a
particularly rich playground. From the few-body point
of view, extensive experimental efforts have enabled the
association of heteronuclear mixtures into ground-state
diatomic molecules, paving the way towards the realiza-
tion of long-range interacting quantum systems [6, 7].
From the many-body perspective, quantum mixtures of
ultracold atoms have been exploited to realize prototyp-
ical condensed matter models, giving access to new phe-
nomena or extreme parameter regimes not accessible in
“natural” systems. The observation of phase separation
in repulsive Bose-Bose and Bose-Fermi mixtures [8–11],
the study of strongly interacting Fermi and Bose po-
larons [12–14], the realization of superfluid Bose-Fermi
mixtures [15], the observation of ultradilute quantum
liquid droplets in attractive Bose-Bose mixtures [16–19],
and the realization of systems with mediated interactions
[20] constitute some landmark examples.
A good overlap between the different components of
the mixture is crucial in most of these studies. This
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can be easily achieved by employing atoms with iden-
tical (or very similar) masses and polarizabilities, which
therefore experience identical external potentials. Quan-
tum mixtures comprised of different internal states of the
same atom or isotopic combinations of the same chemi-
cal element naturally fulfill this requirement. Controlling
the interactions in such systems requires the presence
of suitable Feshbach resonances. Interstate resonances
have been demonstrated in 87Rb [21–23] and 39K [14],
whereas isotopic resonances have been explored in 85Rb–
87Rb [24], 6Li–7Li [25] and 40K–41K [26] mixtures.
In this paper, we explore the Feshbach resonances
available in Bose-Bose mixtures of potassium atoms. We
perform a systematic study of the isotopic 39K–41K mix-
ture, locating 20 previously unobserved Feshbach reso-
nances. Their positions are determined through atom
loss spectroscopy, and a consistent assignment to molec-
ular levels is carried out using an asymptotic bound state
model (ABM) [27, 28]. Coupled channels (CC) calcula-
tions are then employed to perform a full analysis of the
width and position of the resonances using the model po-
tentials for potassium scattering proposed in Ref. [29].
We explore as well Feshbach resonances in mixtures of
internal states of a single potassium isotope. For 41K we
locate a new interstate Feshbach resonance, and for 39K
we perform radio-frequency spectroscopy of the molecu-
lar state of a selected resonance that is particularly con-
venient from the experimental point of view. Combining
experimental observations, CC calculations and an an-
alytical model, we provide a precise characterization of
its properties, including its range parameter. Our results
could be used to refine the existing potassium model po-
tentials [29–31], and to look for a possible breakdown
of the Born-Oppenheimer approximation – and thus of
the mass scaling normally used to predict isotopic colli-
sions. Furthermore, the resonances characterized in this
work could be exploited in the future to explore differ-
ent classes of many-body phenomena in multi-component
bosonic systems.
This article is organized as follows. In Section II, we
briefly describe the experimental procedures. Section III
is devoted to the scattering properties of 39K–41K mix-
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2tures and describes the ABM and CC calculations em-
ployed in the rest of the paper. Section IV focuses on the
Feshbach resonances of 41K available at magnetic fields
∼ 50 G. In Section V we study a selected interstate Fesh-
bach resonance of 39K and develop a simple theoretical
model to determine the parameters characterizing it. Fi-
nally, in Section VI we draw the conclusions of this work.
II. EXPERIMENTAL PREPARATION
In order to perform Feshbach spectroscopy of all pos-
sible potassium Bose-Bose mixtures, we prepare ultra-
cold clouds in a crossed optical dipole trap and subject
them to a homogeneous magnetic field in the range of
50 − 650 G. Our experimental sequence starts with a
double-isotope 3D MOT of 41K and 39K, which is se-
quentially loaded from a 2D+ MOT. After a sub-Doppler
cooling stage, consisting of blue-detuned D1 grey mo-
lasses for 41K [32, 33], and red-detuned D2 molasses for
39K [34], both isotopes are optically pumped into the
|F = 2,mF = 2〉 state and loaded into a quadrupole
magnetic trap. Here F is the total angular momentum
and mF its projection along the magnetic field direction.
Forced evaporative cooling of 41K is performed on the hy-
perfine transition, whereas 39K is cooled sympathetically.
The atoms are then transferred into a hybrid trap cre-
ated by the addition of a far-detuned optical dipole trap
beam (λ = 1064 nm, w ' 65µm) positioned ∼ 60µm be-
low the zero of the quadrupole magnetic field [35]. After
a second stage of evaporation, the cloud is loaded into
a crossed beam optical dipole trap with trap frequencies
ω/2pi = [67(5), 163(5), 176(5)] Hz. All experiments re-
ported in this paper are performed in similar conditions,
with ∼ 105 atoms of both isotopes and a temperature
of ∼ 420 nK. This corresponds to thermal clouds with
T/Tc ' 10, where Tc denotes the critical temperature for
Bose-Einstein condensation. For experiments involving
only 41K we suppress the 39K MOT loading sequence.
Pure samples of 39K are obtained by eliminating 41K af-
ter the hybrid trap evaporation using a short light pulse
resonant with the F = 2→ F ′ = 3 transition.
III. 39K–41K MIXTURES
In the first series of experiments we locate Feshbach
resonances in the 39K–41K mixture. This atomic combi-
nation was not studied experimentally before, and pro-
vides the largest mass difference between potassium iso-
topes. It could thus be used for verifying the validity
of the Born-Oppenheimer approximation used in Ref.
[29] to derive interisotope model interaction potentials
based on 39K–39K spectroscopic data. From a many-
body physics perspective, the resonances reported below
are particularly suitable for the study of stable three-
component bosonic systems with a good spatial overlap
between them. For instance, they would enable the re-
alization of magnetic polarons: quantum impurities im-
mersed in a magnetic background comprised of a two-
component Bose-Einstein condensate and dressed not
only by phonon but also by magnon excitations [36]. In
the 39K–41K system, this situation could be achieved by
identifying two miscible states of 41K with the medium
and one state of 39K with the impurity.
In order to provide sufficient data for a complete
characterization of the interisotope interaction poten-
tials, we explore scattering channels corresponding to all
MF = m
39
F +m
41
F values where the mixture is in the low-
est energy state and does not experience inelastic spin-
exchange collisions. The different spin state combina-
tions are prepared using Landau-Zener radio-frequency
sweeps. Feshbach spectroscopy is then performed by
ramping the magnetic field to the desired value and mea-
suring simultaneously the atom number of 39K and 41K
after a variable hold time, which is adjusted empirically
in order to optimize the experimental signal. A resonance
manifests itself as an enhancement of atomic losses due
to an increase of the inelastic three-body recombination
rate, which can be observed as a decrease in the atom
number of both isotopes and an increase of their temper-
ature. We find a total of 20 loss features within the range
88− 650 G, which are summarized in Table I. Given the
small width of the observed features (between 10 mG and
100 mG), we identify the position of each resonance with
the center of the corresponding loss curve. Note that this
could lead to systematic errors in the determined posi-
tions, with a bias towards the positive scattering length
side of the resonances [37]. For all the measurements the
magnetic field is calibrated to a precision of 10 mG using
radio-frequency transitions between Zeeman sublevels in
the vicinity of each of the loss features.
To perform a first assignment of the observed Feshbach
resonances and identify the molecular channels respon-
sible for them, we have adapted the asymptotic bound
state model (ABM) introduced in Ref. [27] to the 39K–
41K mixture. The ABM takes as input parameters the
energies of the last s-wave bound states of the singlet and
triplet interatomic potentials. Their coupling depends on
the overlap between the corresponding molecular wave-
functions, which are additional parameters of the model.
We obtain the energies and Franck-Condon factors from
the interaction potentials of Ref. [29]. In order to repro-
duce all of the observed loss features, the two last vibra-
tional states of both potentials need to be taken into ac-
count. The corresponding energies and Franck-Condon
factors are E1S/h = −32.1(2) MHz, E1T /h = −8.33(5)
MHz, E2S/h = −1698.1(2.2) MHz, E2T /h = −1282.5(9)
MHz, η11 = 0.9180, η22 = 0.9674, η12 = 0.0895 and
η21 = 0.0463. Here S(T ) denotes a singlet (triplet) bound
state, vv′ (with v(v′) = 1, 2) the overlap between the sin-
glet and triplet wavefunctions in the vibrational state
v and v′ respectively, and h is Planck’s constant. Fig.
1(a) displays the molecular state energies predicted by
the ABM for the absolute ground state of the system
39K|1, 1〉+41K|1, 1〉. Fig. 1(b) shows typical loss features
3Entrance channel MF B
exp
0 [G] B
ABM
0 [G] δµ [µB] B
CC
0 [G] ∆
CC [G] aCCbg [a0]
39K|1, 1〉+41K|2, 2〉 3 341.5(2) 340.608 1.56 341.619 0.138 135.2
3 353.8(3) 351.706 1.26 354.010 0.493 135.2
39K|1, 1〉+41K|1, 1〉 2 139.27(4) 139.122 -2.97 139.400 0.0374 173.0
2 146.24(7) 146.011 -2.45 146.411 0.111 173.0
2 338.12(7) 337.758 -1.95 338.281 0.0461 176.4
2 500.2(3) 495.592 -0.73 500.049 0.700 176.1
2 518.4(1) 516.038 -1.56 518.433 0.128 176.1
39K|1, 1〉+41K|1, 0〉 1 88.2(1) 68.898 0.02 88.475 0.0258 168.4
1 160.05(6) 159.805 -2.62 160.128 0.0474 172.5
1 165.80(5) 165.409 -2.23 165.933 0.110 172.5
1 344.4(1) 343.864 -1.93 344.509 0.128 176.2
1 522.6(2) 518.198 -0.78 522.478 0.621 176.0
1 553.1(1) 550.218 -1.30 552.964 0.198 176.0
39K|1, 1〉+41K|1,−1〉 0 189.88(5) 189.343 -2.97 189.999 0.0766 172.6
0 348.4(1) 347.567 -1.92 348.463 0.180 176.2
0 384.91(7) 384.631 -1.92 385.073 0.0635 175.4
0 553.5(2) 549.759 -0.94 553.378 0.506 176.1
39K|1, 0〉+41K|1,−1〉 −1 228.88(8) 228.256 -0.88 229.039 0.989 171.8
39K|1,−1〉+41K|1,−1〉 −2 149.84(6) 145.561 0.07 149.764 -0.0252 163.7
39K|1,−1〉+41K|2,−2〉 −3 649.6(6) 645.937 -1.00 649.167 0.673 176.2
TABLE I. Summary of the Feshbach resonances between 39K and 41K observed in this work. The experimental positions
Bexp0 are determined from Gaussian fits to the measured loss features, and the reported uncertainties correspond to the 1/e
2
half-width of the Gaussian fit. BABM0 and δµ denote the theoretical predictions of the asymptotic bound state model (ABM)
for the resonance position and the difference in magnetic moments for the open and closed channels respectively. BCC0 , ∆
CC
and aCCbg are the results of a coupled channels (CC) calculation using the model potentials of Ref. [29]. The CC systematic
uncertainty is ∼ 0.3 G and the number of significant digits given only indicates the precision of the calculation.
and the corresponding temperature increase measured si-
multaneously for the two isotopes, from which the reso-
nance positions are extracted.
A more accurate description of the scattering proper-
ties of the investigated systems is obtained by perform-
ing a coupled channels (CC) calculation using the same
model potentials as above [29]. We restrict our calcu-
lations to s-wave collisions and s-wave resonances only,
which is a justified and accurate approximation in the
absence of overlapping s-wave and higher partial-wave
resonances. We neglect the spin-dipole/spin-dipole in-
teraction and second-order spin-orbit coupling responsi-
ble for the dipolar relaxation, which are expected to have
negligible effect on the s-wave resonances. The coupled
channels equations are solved as in Refs. [38, 39], assum-
ing a temperature of 100 nK in all calculations. The res-
onance position B0, the resonance width ∆, and the local
background scattering length abg are obtained by fitting
the numerical points with the analytical expression
a(B) = abg + ares = abg
(
1− ∆
B −B0
)
. (1)
When two s-wave resonances overlap, we use instead the
more general expression [40]
a(B) = abg
(
1− ∆1
B −B0,1
)(
1− ∆2
B −B0,2
)
, (2)
where the subscripts denote each of the resonances.
The results of the CC calculation are summarized in
Table I. We quantify the agreement with the experimen-
tal data through δ = Bexp0 −BCC0 , which yields a rms de-
viation for all resonances of 0.24 G. This is on the order
of the average error bars of the experimental results and
of the systematic uncertainty of the CC model (∼ 0.3 G,
due to the uncertainty of the potentials and associated
singlet and triplet scattering lengths). The CC calcula-
tions are performed with mass scaled model potentials.
Although the predictions seem accurate enough in view
of the experimental uncertainties, a more detailed anal-
ysis of the current measurements could be exploited to
analyze the validity of the Born-Oppenheimer approxi-
mation used to derive the model potentials [29, 31].
IV. 41K SPIN MIXTURE
In a second series of experiments we study the scatter-
ing properties of 41K spin mixtures. We locate a pre-
41 2
(a) (b)
 
 
0
5
10
15
20
25
0.4
0.5
0.6
0.7
0.8
498 499 500 501 517 518 519
 
0 100 200 300 400 500 600
Magnetic Field (G)
-3
-2
-1
0
1
2
)zHG(
 h/E
Magnetic Field (G)
01( 
N
4 )
 
( T
m
K)  
 
1
2
FIG. 1. Feshbach resonances for 39K|1, 1〉+41K|1, 1〉 collisions. (a) Asymptotic bound state model (ABM) molecular state
energies. Blue solid lines: open-channel threshold energies. Red dashed line: uncoupled s-wave molecular state energy. (b)
Experimental atom loss and temperature spectra for the 39K|1, 1〉 (red circles) and 41K|1, 1〉 (blue triangles) states. The solid
line is the empirical Gaussian fit used to extract the resonance positions. Two interisotope Feshbach resonances are observed
at ∼ 500 G, in agreement with the ABM predictions.
viously unobserved Feshbach resonance in the |1, 0〉 +
|1,−1〉 channel around 50 G, in the vicinity of the single-
component resonance experimentally studied in Ref. [41].
This situation provides good control over both the inter-
state and intrastate scattering lengths, and makes 41K an
interesting system for the study of two-component Bose
gases with repulsive intrastate and tunable interstate in-
teractions. In the attractive case, quantum droplets in
a system with symmetric intrastate scattering lengths
could be created [16]. In the presence of a coherent cou-
pling between the two states, the repulsive case is well
suited to study the transition from a paramagnetic to a
ferromagnetic phase [42]. If the coupling is created us-
ing two-photon transitions, systems combining tunable
interactions and synthetic gauge fields could be explored
[43].
Fig. 2 displays a loss spectroscopy measurement per-
formed in both the |1, 0〉 and |1,−1〉 channels, together
with the relevant interstate and intrastate scattering
lengths predicted by our CC model. As before, we employ
the mass scaled model potentials of Ref. [29]. Experi-
mentally, we locate the position of the two Feshbach res-
onances from Gaussian fits to the measured loss features.
The |1,−1〉+ |1,−1〉 resonance is found at B0 = 51.1(2)
G, in agreement with the value B0 = 51.129 G predicted
by the CC calculation and previous experimental and
theoretical works [30, 41, 44]. The theoretical width of
this resonance is ∆ = −0.361 G, with a local background
scattering length abg/a0 = 65.1.
Atom losses in both the |1, 0〉 and |1,−1〉 states sig-
nal the presence of an interstate Feshbach resonance at
B0 = 51.92(8) G. Although this feature was not observed
experimentally before, it was theoretically predicted to
occur at a magnetic field B0 = 51.95 G [44]. This is
in good agreement with our measurement. Our experi-
mental findings are consistent with our CC model, which
predicts a position B0 = 51.903 G, a resonance width
∆ = −0.0978 G and a local background scattering length
abg/a0 = 65.1.
V. 39K SPIN MIXTURE
We perform the last series of experiments in a spin mix-
ture of 39K. This isotope has several single-component
Feshbach resonances [30, 45] that have been exploited
for studying a broad range of phenomena including dis-
order physics [46, 47], unitary Bose gases [5], matter-
wave bright solitons [48], and quantum liquid droplets
[16–19]. Recently, a resonance in the |1, 0〉+ |1,−1〉 chan-
nel with a large width ∆ ' 16 G was reported. Since it is
in a magnetic field range where the scattering length of
state |1,−1〉 is approximately constant and positive, it is
very well adapted to the experimental study of strongly-
interacting Bose polarons using this state as a bath and
state |1, 0〉 as an impurity [14]. Here we perform a more
accurate determination of its properties by measuring the
binding energy of the Feshbach molecules. Combined
with our CC model, this allows us to obtain accurate
values of the resonance position, width, background scat-
tering length, range parameter and strength, as we detail
in the following.
Experimental results. Two different techniques are
employed to accurately measure the molecular binding
energy Eb. In the close vicinity of the resonance, we di-
rectly associate molecules starting from a |1, 0〉+ |1,−1〉
mixture and subjecting it to a modulated magnetic field
of frequency corresponding to Eb. For larger binding
energies, we exploit instead radio-frequency association
50
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FIG. 2. Feshbach resonances for 41K collisions in the |1,−1〉+
|1,−1〉 and |1, 0〉+|1,−1〉 scattering channels. Top and middle
panels: experimentally observed loss features for the |1,−1〉
(red circles) and |1, 0〉 (blue triangles) states. The solid line is
the empirical Gaussian fit used to extract the resonance po-
sitions. Bottom panel: scattering lengths for |1,−1〉+ |1,−1〉
(continuous line) and |1,−1〉 + |1, 0〉 (dashed line) collisions
predicted by our CC calculations. The |1, 0〉+ |1, 0〉 scattering
length does not vary in this magnetic field range, and remains
close to the background value ∼ 65a0.
of Feshbach molecules. Starting from the non-resonant
state |1, 0〉, we apply a radio-frequency pulse close to
the |1, 0〉 to |1,−1〉 transition and transfer atoms to the
bound state. In both cases, the formation of molecules
is signaled by a reduction of the trapped atom number.
Indeed, the molecules decay due to vibrational quench-
ing induced by collisions with unpaired atoms and escape
from the trap. The inset of Fig. 3(a) displays a typical
radio-frequency spectrum. The association of molecules
corresponds to the asymmetric feature, which reflects the
fact that the association frequency depends on the kinetic
energy of the atom pair forming the molecule. We model
it by the convolution of a Maxwell-Boltzmann distribu-
tion and a Gaussian function (solid line) [49]. The latter
results from the finite molecule lifetime and from techni-
cal broadening. From the onset of the molecular feature
we obtain Eb. The radio-frequency spectrum displays
an additional peak, corresponding to the atomic hyper-
fine transition, which is absent in the data obtained via
magnetic field modulation.
Fig. 3(a) summarizes the measured molecular binding
energy as a function of the magnetic field. Near the res-
onance, it follows the universal relation Eb = −~2/ma2,
where m denotes the mass of 39K. At larger detunings, fi-
nite range corrections become important and this simple
expression loses its validity. In order to provide a model-
independent parametrization of the scattering length we
thus restrict ourselves to the range B − B0 ≤ 1 G,
where the non-universal corrections are negligible [50].
The validity of this assumption will be discussed be-
low. The fit to the universal formula (blue dotted line)
yields B0 = 113.76(1) G for the resonance position, and
abg∆/a0 = 715(7) G for the product of the resonance
width and local background scattering length. The error
bars represent the fit uncertainty, whereas the system-
atic uncertainty on our magnetic field calibration is on
the order of 10 mG.
Theoretical model. We exploit the CC model to pre-
dict the complete low temperature scattering properties
of the gas in the vicinity of this resonance. Aside from the
molecular binding energy Eb and the scattering length
a, we also compute the effective range r0. It corresponds
to the first finite-momentum correction to the scattering
amplitude and can be viewed as an energy dependence
of the scattering length,
− 1
a()
= −1
a
+
1
2
r0k
2 + ... (3)
Here,  = ~2k2/m is the energy in the center of mass
frame. We obtain r0 by fitting the numerical points cal-
culated for six collision energies between 100 nK and 400
nK to this expression.
The CC results are summarized in Fig. 3. In particu-
lar, the grey solid line in panel (a) represents Eb, while
the black and red solid lines in panel (b) represent a and
r0, respectively. Unlike the universal fit, which holds only
in the vicinity of the resonance pole, the CC model pro-
vides a good description of the molecular binding energy
measurements in the complete magnetic field range. The
resonance position B0 agrees well with our experimen-
tal determination. However, given the uncertainty of the
CC calculations (∼ 0.3 G), the experimental results give
a more reliable value. By fitting the scattering length
a close to the resonance center with Eq. (1), we obtain
abg∆/a0 = 727(6) G. Here, the error bar represents the
uncertainty of the fitted parameters. This value is consis-
tent with the one extracted from the universal fit to the
experimental data, validating the CC model. The CC
calculation also provides the position of the zero cross-
ing of the scattering length Bzc = 97.85 G. There, the
effective range r0 diverges.
The computed scattering length and effective range can
be combined to predict analytically the binding energy
away from the universal regime [51]
Eb = − ~
2
mr20
(√
1− 2r0/a− 1
)2
. (4)
This low energy expansion is valid for a  2r0. It
coincides with the universal expression only for large
values of the scattering length (a  2RvdW, where
RvdW/a0 = 64.61 denotes the van der Waals length [29]).
The latter condition is fulfilled for B = (112.8− 113.75)
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FIG. 3. Characterization of an interstate Feshbach resonance
in the 39K |1, 0〉 + |1,−1〉 scattering channel. (a) Molecular
binding energy as a function of the magnetic field. Grey dots:
experimental measurements. The error bars (∼ 10 kHz) are
smaller than the size of the symbol. Blue dotted line: univer-
sal formula. Grey solid line: CC prediction. Green dashed
line: low energy expansion of the binding energy Eq. (4), ex-
tracted from the CC scattering length and effective range. In-
set: typical radio-frequency association spectrum. The solid
line is a fit to the model used to extract Eb from the distance
between the molecular (left) and atomic (right) peaks. (b)
Scattering length a and effective range r0 predicted by the
CC model (black and red solid lines, respectively). r0 can
also be computed combining Eqs. (5) and (6) (red dotted
line). The red dashed line represents the magnetic field Bzc
where r0 diverges and the scattering length crosses zero. The
black dashed line represents the background scattering length
abg(B), as explained in the main text.
G, validating a posteriori the range used to determine
experimentally the resonance parameters. In Fig. 3(a)
the low energy expansion Eq. (4) is depicted as the green
dashed line. In its regime of validity it agrees with both
the experimental points and the CC calculations. This
confirms the validity of the CC prediction for the effective
range.
Besides the resonance feature, Fig. 3(b) shows a strong
magnetic field dependence of the scattering length far
from the resonance pole. This complicates the estima-
tion of the standard resonance parameters. In the fol-
lowing, we provide a simple model characterizing the
magnetic field dependence of both a and r0 in order to
determine accurate values for the local background scat-
tering length, width, range parameter, and strength of
this Feshbach resonance.
Close to the resonance, the scattering length a(B) =
abg(B) + ares(B) is dominated by the resonant contri-
bution ares(B) = abg(B0)∆/(B0 − B), where abg(B0)
is the background scattering length on resonance. The
value of the background scattering length varies consid-
erably in the relevant magnetic field range. This is due
to the change in singlet and triplet admixture of the
states involved as a function of B, and to the large dif-
ference between the singlet and triplet scattering lengths
(aS/a0 = 138.80 and aT /a0 = 33.41). We empirically
determine the function abg(B) by subtracting from a(B)
the resonant contribution, and fitting the result with a
polynomial function [52]. As shown in Fig. 3(b) (black
dashed line), abg(B) varies asymmetrically by ∼ 40a0
across the resonance position. On resonance, the back-
ground scattering length is abg(B0)/a0 = −39.9, which
implies ∆ = −18.2 G. Note that, due to the asymmetric
dependence of the scattering length with magnetic field
below and above B0, identifying the width ∆ with the
difference B0 − Bzc ' 15.9 G is misleading for this res-
onance. For this reason, our determination of ∆ differs
considerably from the one of Ref. [14], ∆ = −15.88 G,
although the product abg∆/a0 = 720 G reported there is
in good agreement with our findings.
Similarly, the effective range can be divided into
a background and a resonant contribution r0(B) =
r0,bg(B) + r0,res(B). For a van der Waals potential, the
non-resonant part depends on the magnetic field accord-
ing to [1, 53, 54]
r0,bg(B) =
Γ(1/4)4
6pi2
a¯
[
1− 2 a¯
a(B)
+ 2
(
a¯
a(B)
)2]
, (5)
where a¯ = 4pi/Γ(1/4)2RvdW. On the other hand, the
resonant contribution is given by [55, 56]
r0,res(B) = −2R∗
(
1− abg(B)
a(B)
)2
, (6)
where R∗ is the so-called range parameter [57]. Following
Ref. [45], the range parameter can be obtained by com-
bining Eqs. (5) and (6), and evaluating them at B = B0.
Explicitly,
R∗ = −r0(B0)
2
+
Γ(1/4)2RvdW
3pi
. (7)
Using the numerical value r0(B0)/a0 = 36.24 we find
R∗/a0 = 71.99. The red dotted line in Fig. 3(b) rep-
resents r0, computed as the sum of Eqs. (5) and (6).
Remarkably, these simple analytical expressions are in
good agreement with the CC results (red solid line) pro-
vided the magnetic field dependence of the background
scattering length is taken into account.
Alternatively, we can evaluate the range parameter us-
ing the expression R∗ = ~2/mabg∆δµ [57], which yields
R∗/a0 ' 77. There, we use the relative magnetic mo-
ment δµ/µB ' 1.18 from the ABM prediction and the
CC value for abg∆. Extracting the range parameter from
the effective range is expected to be more precise because
7for 39K the relative magnetic moment changes with mag-
netic field due to broad avoided crossings between near-
threshold molecular states [30, 45]. Both results differ
considerably from the value R∗/a0 = 60a0 proposed in
[14]. From the range parameter, we deduce the strength
parameter of the resonance [1] sres = a¯/R∗ = 0.86. This
value corresponds to an intermediate coupling regime,
indicating that despite its large magnetic field width the
resonance is not open channel dominated.
VI. CONCLUSIONS
In conclusion, we have performed a comprehensive ex-
perimental and theoretical study of the low energy scat-
tering properties of various potassium Bose-Bose mix-
tures. We have located 20 previously unobserved Fesh-
bach resonances in the mixture 39K–41K, and confirmed
the validity of the model potentials proposed in Ref.
[29] for this isotopic combination. At the level of ac-
curacy of experiment and theory, this constitutes a test
of the validity of the Born-Oppenheimer approximation
for potassium scattering. For 41K we have identified a
new interstate Feshbach resonance that gives access to
two-component Bose gases with repulsive intrastate in-
teractions and tunable interstate ones. For 39K we have
measured the binding energy of the molecular state re-
sponsible for the interstate Feshbach resonance at ∼ 114
G [14]. Combining experimental observations, CC calcu-
lations and analytical models, we have provided a precise
characterization of the resonance parameters, including
the resonance strength and its range parameter. The
model employed to analyze this specific resonance in-
corporates explicit calculations of the field-dependent ef-
fective range and background scattering length and ac-
counts for non-universal finite-range effects. Due to its
simplicity, this model could be used to characterize other
Feshbach resonances.
The 23 Feshbach resonances characterized in this work
could be exploited to improve the model potentials for
potassium scattering. Such efforts should include as well
the new 40K [58, 59], 41K [33] and 40K–41K resonances
[26] that have been located during the last years, and
the most recent measurements on single-component 39K
gases [45, 60]. Furthermore, the tunability of scattering
lengths available in potassium Bose-Bose mixtures opens
a wealth of possibilities for future research. The 39K–
41K mixture enables the realization of three-component
Bose gases with tunable interactions, where magnetic
polarons have been predicted [36]. In the presence of
coherent coupling, the 41K interstate resonance is well
suited for the study of the paramagnetic-ferromagnetic
phase transition [42], and for adding interaction control
to experiments with synthetic gauge fields in synthetic
dimensions [61–63]. Finally, the 39K interstate resonance
constitutes an ideal system for the observation of Bose
polarons in the strongly interacting regime [14].
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